ABSTRACT: MXenes (two-dimensional transition-metal carbides and nitrides) are promising materials for capacitive energy storage due to the large chemical space of existing and potential compositions, but only a few of them have been experimentally explored. In this work, we computationally screen a series of MXene electrodes (M n+1 X n T x : M = Sc, Ti, V, Zr, Nb, Mo; X = C, N; T = O, OH; n = 1−3) to simulate their pseudocapacitive performance in the aqueous H 2 SO 4 electrolyte. We find that nitride MXenes exhibit better pseudocapacitive performance than carbide MXenes. Especially, Ti 2 NT x is predicted to have a high gravimetric capacitance over a wide voltage window, whereas Zr n+1 N n T x MXenes are predicted to possess the best areal capacitive performance. Evaluating the descriptors for the capacitance trends, we find that more positive hydrogen adsorption free energy (weak binding to H) and smaller change of the potential at the point of zero charge after H binding lead to higher capacitance. Our work provides helpful guidance to selectively develop high-performance MXene pseudocapacitors and to further screen MXene electrodes.
■ INTRODUCTION
MXenes are a large family of two-dimensional (2D) materials, including transition-metal carbides, nitrides, and carbonitrides. 1 The chemical formula of MXene can be expressed as M n+1 X n T x , where M is a transition metal (Sc, Ti, V, Zr, Nb, Mo, etc.), X is C or N, and T represents the surface terminal groups (such as −O, −OH, and −F). MXenes have shown promise in capacitive energy storage, 2−4 lithium-and sodiumion batteries, 5−7 electrocatalysis, 8, 9 gas sensors, 10, 11 and many other applications.
MXenes' performance in capacitive energy storage is most promising. For example, Ti 3 C 2 T x has shown high volumetric capacitance and gravimetric capacitance with excellent cyclability. 12, 13 MXene exhibits pseudocapacitance in the aqueous H 2 SO 4 electrolyte due to the reversible surfaceredox reaction of hydrogen binding. In aqueous salt or ionic liquid electrolytes, MXene shows mainly the electric doublelayer (EDL) capacitance. 13−16 In organic electrolytes, MXene can have intercalation pseudocapacitance, especially in the presence of Li + or Na + . 17−19 To achieve high capacitance for MXene electrodes, H 2 SO 4 solution is the most promising electrolyte due to its contribution to the surface-redox reaction.
In Table S1 , we listed the reported capacitances of MXene electrodes in comparison with other conventional pseudocapacitor materials, such as RuO 2 , 20−22 polypyrrole, 23 and benzoquinone. 24 One can see that MXene as a pseudocapacitor not only has promising capacitance but also exhibits much better cyclability.
Previous studies have focused on Ti 3 C 2 T x , 13, 14, 16, 25 in addition to a few other MXenes such as Mo 2 CT x 26 and Mo 2 TiC 2 T x , 27 despite the diversity of the large MXene family. 1 Because MXene synthesis has many technical challenges, experimentally exploring the capacitive performance of the complete MXene family would be very time-consuming. Thus, exploring the pseudocapacitive performance of MXene from a computational perspective is an effective way to help experimentalists design supercapacitors with improved energy storage ability.
In this work, we computationally screen the energy storage of M n+1 X n T x MXenes (M = Sc, Ti, V, Zr, Nb, Mo; X = C, N; T = O, OH; n = 1, 2, 3) in H 2 SO 4 , on the basis of a recently developed model that incorporates the surface-redox pseudocapacitance in the total capacitive energy storage of MXene in H 2 SO 4 . 28 Moreover, we will explore descriptors that can correlate the capacitances of MXenes with some easily computable and relevant quantities.
■ RESULTS AND DISCUSSION
The structure of M 2 XT 2 with the solvation layers is shown in Figure 1 as an example. 29 The structure of M 3 X 2 T 2 and M 4 X 3 T 2 can be derived from M 2 X by extending the M and X layers following the ABC stacking order. The termination group T can occupy either the face-centered cubic (fcc) site (Figure 1a,b) or the hexagonal close-packed (hcp) site ( Figure  1c,d) . We calculated the relative stability of fcc and hcp configurations for each MXene (Table S2 ). Since T can be either O or OH, the MXene structures for the redox pair M n+1 X n O 2 and M n+1 X n (OH) 2 are selected by the following rules: (1) If both −O and −OH are more stable at the fcc (hcp) site, we use the fcc (hcp) model; (2) if one terminal group is more stable at the fcc site, whereas the other is more stable at the hcp site, we use the site for which the group has stronger relative stability. This consistent choice of either an fcc or hcp model ensures that we have a most likely surface for reversible hydrogen binding at different coverages, a key step for our prediction of the capacitance.
Our first screening criteria are the electronic structure and magnetic property. The results from density functional theory (DFT) calculation are listed in Table S2 . To be a high-rate electrode material, metallic MXenes are preferred. Hence, Sc 2 C(OH) 2 , Ti 2 CO 2 , and Zr 2 CO 2 , which are semiconducting (consistent with a previous study 30 ), can be eliminated. In addition, to avoid complication from the magnetic properties, which may be both termination-and coverage-dependent, we leave out V 3 C 2 O 2 , Sc 2 NO 2 , V 2 NO 2 , V 3 N 2 O 2 , and V 4 N 3 (OH) 2 for future study.
Since the pseudocapacitive performance of MXene in the aqueous H 2 SO 4 electrolyte competes with hydrogen evolution reaction (HER) at negative potentials, 8 it is necessary to screen MXenes to eliminate those that are too active for HER. The differential hydrogen adsorption free energy is a good descriptor to assess the HER activity. 31 We calculated the average hydrogen adsorption free energy (ΔG H , which shows the overall binding trend) and the differential hydrogen adsorption free energy at the optimal H coverage (ΔG H OPT , which reflects the HER activity; see Table S3 for binding ability to H atom, with G H close to or less than zero. So we eliminated them for consideration.
After our quick screening on electronic structure, magnetic property, and hydrogen binding tendency, 24 candidates have been identified. Following our previous work, 28 we predicted the capacitive energy storage in the aqueous H 2 SO 4 electrolyte for the selected MXene candidates. Briefly, we computed the free energy of a solvated MXene electrode at different applied potentials and H coverages as well as determined the potentials at the point of zero charge (PZC) before and after H binding. These values then allowed us to determine the stored charge (Q) as a function of the applied potential (V). From these 36 These recent progress suggests that nitride MXenes may be soon available for testing our predictions.
In terms of structural stability, a recent DFT study analyzed the formation energies of 72 different MXenes and concluded that all −O and −OH-terminated carbide and nitride MXenes have very negative formation energies, indicating their thermodynamic stability. 37 The reliability of our model and prediction for the capacitance of Ti 3 C 2 T x in H 2 SO 4 has been discussed previously 28 and is summarized in Figure 4 , no experimental data are available so our calculations indicate promising MXenes to try.
To understand what determines the capacitive performance of MXenes, we studied the factors that can be correlated to the charge-storage trend, in order to find a descriptor of pseudocapacitance. As shown in Figure 5 , we found that the change or shift of the potential at the point of zero charge (V PZC ) from M n+1 X n O 2 to M n+1 X n (OH) 2 is closely related to the amount of charge stored: the charge storage (blue dot; right axis) is higher if the V PZC change (bar; left axis) is smaller. We use ΔV PZC , defined as one half of the V PZC change from M n+1 X n O 2 to M n+1 X n (OH) 2 , to represent the V PZC shift.
The charge stored can be expressed as a function of ΔG H and ΔV PZC as descriptors (see the Methods section). As shown in Figure S1 , the agreement between this descriptor approach and the DFT results ( Figure 5 ) is very good. One can see from the 2D color map ( Figure 6 ) that large ΔG H and low ΔV PZC lead to higher charge storage per unit of formula. Placing the MXene candidates onto this map, one can see that Zr-based nitride MXenes (Zr 2 N, Zr 3 N 2 , and Zr 4 N 3 ) show the highest charge storage per unit of formula, consistent with the areal capacitance trends in Figure 4 . The correlation of ΔV PZC with the redox charge storage of MXenes can be understood from the Fermi-level shift from M n+1 X n O 2 to M n+1 X n (OH) 2 , as ΔV PZC is proportional to the Fermi-level shift. For MXenes with higher capacitances, it takes smaller shifts in the Fermi level to have the complete twoelectron transfer; in other words, the more metallic the MXenes are, the higher are the capacitances. Further test of this insight in more MXenes, such as bimetallic, doped, and defected ones, is warranted.
To understand why most nitride MXenes have higher capacitances than those of their carbide counterparts, we compare their Fermi-level shifts from M n+1 X n O 2 to M n+1 X n (OH) 2 in Figure S2 . We find that changing X from C to N for the same M n+1 X n O 2 MXene lowers ΔV PZC , thereby making the system more metallic. This explains the nitrides' higher capacitances.
■ SUMMARY AND CONCLUSIONS
In summary, we have conducted a computational screening of the pseudocapacitive M n+1 X n T x MXene electrodes in the H 2 SO 4 electrolyte. Twenty-four MXene electrode candidates were selected by considering electronic structure, magnetism, and hydrogen adsorption energy calculated via DFT. Simulated pseudocapacitive charging curves showed that most of the candidates exhibited better capacitive performance than Ti 3 C 2 T x , a prototypical MXene comprehensively reported before. Our screening indicated that the nitrides tend to have better capacitive performance than carbides: Zr 2 N, Zr 3 N 2 , and Zr 4 N 3 were predicted to have the highest charge storage per unit formula, and Ti 2 N the highest specific capacitance. Moreover, the hydrogen adsorption energy (ΔG H ) and the shift in the potential at PZC (ΔV PZC ) were found to be the key quantities that dominate MXenes' charge storage. A promising MXene pseudocapacitor should have a large ΔG H and low ΔV PZC . This rule can be applied to pseudocapacitive MXene electrode design and high-throughput screening in the future.
■ METHODS
Geometry optimization and electronic structure calculations with DFT were performed using Quantum Espresso package. 39 The Perdew−Burke−Ernzerhof functional of generalizedgradient approximation was used for electron exchange and correlation. 40 Ultrasoft pseudopotentials were used to describe the nuclei−electron interaction. 41 A plane wave basis with the energy cutoff of 40 Ry and a k-mesh of 7 × 7 × 1 (for sampling the Brillouin zone) were used for structure optimizations, and a higher cutoff of 60 Ry and a k-mesh of 21 × 21 × 1 were used for single-point calculations of optimized geometries. Spin polarization was applied to test the magnetic property of MXenes.
To assess the hydrogen binding ability of MXene, we calculated the average and differential hydrogen adsorption free energy. The average hydrogen adsorption free energy is defined by
The free-energy difference between M n+1 X n (OH) 2 and M n+1 X n O 2 was obtained by the following
where ΔE ZPE is the difference in zero-point energy between the adsorbed H on the MXene surface and H in the gas phase H 2 molecule. The free energy of a hydrogen molecule is defined as
All quantities in eq 3 can be obtained from DFT and standard thermodynamic database. To assess the HER activity of MXene, we also computed the differential hydrogen adsorption free energy at coverages of 0.25, 0.5, 0.75, and 1.00 ML. When the calculated differential hydrogen adsorption free energy is closest to 0 eV, the corresponding coverage is treated as the optimal coverage. For the energy and PZC calculation of a solvated electrode, we performed DFT calculation with an implicit solvation model implemented in the JDFTx code. 42, 43 Identical parameters and settings were used for the electronic DFT part as used in the single-point Quantum Espresso calculations. For the solvation part, we used the charge-asymmetric nonlocally determined local-electric (CANDLE) model, which has shown excellent reliability in predicting the solvation energy and PZC of metal electrodes. 44 To simulate the ionic strength of 1 M H 2 SO 4 , our implicit solvation model was based on a 3 M monovalent aqueous solution. The pseudocapacitive charging simulation was carried out by following our previously proposed method; 28 namely, the free-energy function of any intermediate state (partially oxidized/reduced MXene layer) at a fixed electrode potential φ can be expressed as
where E(x) is the total electronic energy of a solvated electrode with the H coverage of x in zero surface charge, whereas E ZPE is the zero-point energy (ZPE) difference between x = 0 and x = 1 states. We use the ZPE of M 2 XT x to represent the ZPE of M 3 X 2 T x and M 4 X 3 T x if they share the same "M" and "X". The ZPE contributions calculated by DFT for different M 2 XT x systems are listed in Table S4 . Qφ is the electrical work to move the charge Q (net charge on the electrode) from zero potential (in the bulk electrolyte) to the electrode with the potential φ. E EDL is the electric double-layer energy contributed by the electrode charge Q. The last term is the chemical potential of a solvated proton in the electrolyte. In the third and fourth terms, V(x, φ) is the relative potential with respect to the potential at the PZC at coverage x and the electrode potential φ, given by
Since our previous study has proved that the E(x) and φ PZC (x) can be approximately described by linear equations, in this work, we only performed DFT calculation on M n+1 X n O 2 (x = 0) and M n+1 X n (OH) 2 (x = 1). G(x, φ) and φ PZC (x) values for x between 0 and 1 were derived from linear interpolation. More technical details of our method can be found in our previous work. 28 One can also obtain φ PZC (x) from 
